ATA from nerve cross-anastomosis experiments revealed that severed peripheral motor axons can regenerate through foreign nerves to innervate target muscles that they do not normally control in the intact organism. Initial studies by Brinkman, et al., 2 demonstrating functional recovery after nerve cross-anastomosis in nonhuman primates indicate that the motor system possesses sufficient adaptive plasticity, such as anatomical pathways that can be reorganized for appropriate command control. Evidence that functional motor behaviors could be recovered led us to consider clinical applications of nerve cross-anastomosis.
the cervical spinal cord. 4 Alternatively, nerve cross-anastomosis between the upper intercostal nerves and the musculocutaneous nerve was performed with the aim of reinnervating the paralyzed biceps muscle from thoracic spinal cord motor neurons. 9, 19 Retrograde transport of HRP from the musculocutaneous nerve to thoracic motor neurons was documented after similar cross-anastomosis in nonhuman primates. 5 In animals and treated patients, reappearing limb movements were synchronized with respiration. 9, 14, 21 The treated patients recovered volitional control of biceps muscle contraction after physiotherapy, thus indicating that neuronal circuitry in the central nervous system had been reorganized.
We have explored similar approaches in an attempt to improve definitive paralysis of lower limbs, which accompanies spinal cord transection at the thoracolumbar level. Recovery of volitional contraction of paralyzed leg muscles, such as the quadriceps and triceps surae muscles, might have a significant impact on a patient's quality of life. First, we proposed a method in which thoracic motor neurons located above the spinal cord lesion were connected to paralyzed hindlimb muscles through a peroneal nerve autograft that bridged the thoracic spinal ventral horn to the lumbar ventral roots. Reinnervation of the quadriceps and triceps surae muscles by thoracic motor neurons has been documented in rats 12 and marmosets. 11 Recovery of volitional contractions of the adductor muscles has been observed in a human. 22 Nevertheless, a potential drawback of this method is linked to the introduction of the nerve graft into the ventral horn, which creates a local injury that may affect motor neuron survival. As an alternative to this approach, we describe a novel method based on the cross-anastomosis of lower intercostal nerves and lumbar ventral roots. We show that axonal regrowth through anastomosis involves a significant proportion of thoracic motor neurons and leads to the efficient reinnervation of target muscles. Note, however, that fibers remain immature, an observation consistent with the return of movements not adapted to locomotion.
Materials and Methods

Surgical Procedure
Twenty adult male Sprague-Dawley rats, weighing 300 to 350 g each, were anesthetized using intraperitoneal injections of 6% pentobarbital (1.5 ml/kg). A left-sided hemisection of the spinal cord was performed at the T-13 cord level. All ipsilateral lumbar and first sacral ventral roots were sectioned and identified on electrophysiological studies (RACIA 21P electromyograph; RACIA S.A., Le Bouscat, France), as previously described. 12 Briefly, electrostimulation was performed through two 0.5-mm stainless-steel electrodes (pulse width 0.1 msec, intensity 0.1 mA), MAPs were recorded using a bipolar electrode needle inserted into the quadriceps or triceps surae muscle, and a grounding electrode was placed subcutaneously between the lumbar spinal cord and the hindlimb. The values of surface and amplitude obtained from recorded MAPs served as internal references for further measurements in the same animal. Three left intercostal nerves (T10-12) were exposed between ribs and sectioned immediately proximal to the split giving rise to the ramus cu- (7) 3 Ϯ 0.4 22 Ϯ 6 25 Ϯ 5 normal (6) 5 100 100 * Values were scored using the following scale in awake animals immediately before they were killed: 0, no contraction; 1, visible twitches; 2, mobilization without perceptible resistance; 3, contraction with some resistance; 4, contraction with nearly normal strength; and 5, normal. Values are expressed as the means Ϯ standard deviation. taneus lateralis and a branch to the external oblique muscle. In seven experimental rats, sufficient length was retained for the reconnection of T10-12 intercostal nerves to distal ends of the sectioned L3-5 ventral roots, respectively, with the aid of No. 10-0 nylon microsutures ( Fig. 1A and B) . In control animals, anastomosis was not performed but roots were shortened. A collagen tube (human placental collagen, Type IV/VOX; IMEDEX, Trévoux, France) with an inner diameter of 1.5 mm was installed to protect nerve-root junctions. Muscle action potentials were not detected immediately after reconnection. Seven of 10 experimental or control rats survived surgery. Bladder expression was performed twice a day from postsurgery Day 1 until adequate bladder function resumed. Passive hindlimb mobilization was performed daily to avoid articular deformation.
Animals were handled according to the recommendations of French regulatory committees for animal care.
Clinical Observation
Motor behavior was observed weekly and videotaped monthly. Muscle tension and resistance were assessed in awake animals and scored as indicated in Table 1 . Animals were killed 9 months after surgery by using an overdose of the anesthetic agent. Quadriceps and triceps muscles from both hindlimbs were removed. Animals were then perfused with 3.6% glutaraldehyde.
Electrophysiological Studies
As described earlier, MAPs were recorded in the anesthetized rats before they were killed. Measurements were repeated after sectioning of the anastomosis. Stimulation of surrounding tissues or the spinal cord below the hemisection level served as negative controls. Motor evoked potentials were recorded through a parietal craniotomy (3 mm to the midline and 2 mm posterior to the coronal suture), by using both an insulated 0.5-mm stainless-steel electrode needle (pulse width 0.1 msec, intensity 5 mA) that was placed onto the pial surface and a reference electrode that was installed submucosally into the hard palate.
Horseradish Peroxidase Retrograde Labeling. The HRP (60 l of a 30% solution, Type VI; Sigma Chemical Co., St. Louis, MO) was injected at multiple sites in the left quadriceps and triceps muscles of the anesthetized rats 3 days before they were killed. Thoracic and lumbar spinal cord segments and thoracic ganglia T10-12 were removed after death and were processed for cryosection. The HRP was revealed with tetramethylbenzidine (Boehringer Mannheim, Mannheim, Germany). Transversal (at least 200) or longitudinal (at least 50) sections encompassing thoracic segments T10-12 or segments L3-6 were examined. The HRP-labeled cells were counted when the cell body was associated with a visible nucleolus. Motor neuron numbers were estimated by counting large cells (Ͼ 25 m) in laminae VII to IX.
Histological Analysis. Nerves and ventral roots were immersed in glutaraldehyde (3.6%) for 3 hours, postfixed in osmium tetroxide, and embedded in epon. Semithin sections were stained with thionin, and ultrathin sections were stained with uranyl acetate and lead citrate. Motor endplates were revealed according to the method of Karnovsky and Roots. 10 
Results
We previously verified that regrowing intercostal nerve motor fibers could find sufficient numbers of recipient motor endoneurial tubes in lumbar ventral roots. Assuming an equivalent proportion of 15 to 20% motor fibers in intercostal nerves in humans and rats, 20 T9-12 intercostal nerves presumably contain 100 to 200 motor fibers among a total of 734 Ϯ 42 myelinated fibers (three rats). More abundant motor endoneurial tubes were available for regrowth in recipient roots (802 Ϯ 116, five rats).
Motor Recovery
Animals were followed up for 9 months after surgery. Motor recovery was monitored in the absence of locomotion training. All animals experienced complete peripheral flaccid paralysis immediately after surgery. Animals could not hang the paralyzed limb and then dragged it during walking and climbing. Muscle atrophy was obvious at 15 days.
Motor recovery occurred in all experimental animals, whereas paralysis remained unchanged during the 9-month observation period in all control animals ( Table 1) . Experimental animals were able to hang the paralyzed limb at 2 months postsurgery, vigorously shaking while hanging in the air by their tails. Resistance to movement was detected at the thigh level. Shaking became more obvious at 3 months postsurgery. Resistance was slightly more intense at the thigh and then appeared at the leg. Shakes and resistance were noticed at the foot level after 4 months postsurgery. Limb movements had a larger amplitude and limbs were able to resist opposition. Animals did not drag the paralyzed hindlimb. Shakes were transiently replaced by vigorous extension during attempts to struggle. Animals did not seem to move the paralyzed limb purposely and did not use it for locomotion. Modest clinical evolution was observed between 4 and 9 months. Movements remained inadequate for locomotion.
Anatomical Connection
Experimental and control animals were killed 9 months after surgery. Muscle weight provides a gross indicator of muscle activity and innervation. Paralyzed limb muscles were heavier in treated rats than in those in control rats (quadriceps muscle p = 0.0026, triceps muscle p = 0.0002; analysis of variance) but lighter than contralateral limb muscles (17 to 35%; Table 1 ).
Anastomoses were carefully observed with the aid of a surgical microscope. Protective collagen tubes had disappeared. The L3-5 ventral roots appeared to be normal. Nerve-root junctions had been replaced by a well-vascularized nervous tissue-like continuity in all experimental animals (Fig. 1C) . The L3-5 ventral roots were atrophic in control rats.
We examined axon density and myelinization in anastomoses and connected ventral roots by using light and electron microscopy. Myelinated axons forming microfasciculi of regenerating axons were observed in experimental rats, but not in controls (Figs. 2 and 3 ). Fibers were equally or even slightly more abundant in the anastomosed lumbar ventral roots than in the intact ones (919 Ϯ 190 [seven rats] compared with 802 Ϯ 116 [five rats]; p = 0.3, Student t-test). Nonetheless, regenerated fibers were heterogeneous in size. Only a minority of fibers (148 Ϯ 43) showed a diameter equivalent to at least 80% of that of intact root fibers (Ն 5 m).
Cholinesterase staining reveals motor endplates in quadriceps muscle and triceps surae muscle sections obtained from the paralyzed side in all treated rats (Fig. 4) . Although total endplate numbers could not be counted in the entire muscle, their density appeared to be roughly equivalent in both the paralyzed and the contralateral sides. Consistently, with the reinnervation process, endplates were less regularly grouped and muscle fibers were thinner in the paralyzed side. Endplates were not observed in the paralyzed hindlimb of control rats and muscle fibers were typically atrophic, indicating that reinnervation did not occur in the absence of nerve anastomosis.
Electrophysiological Connection
In rats, L-3 and L-4 ventral lumbar roots mostly innervate the quadriceps muscle and L-5 is the main ventral root innervating the triceps surae muscle. Reference values for MAP amplitudes and surfaces were obtained during surgery (see Materials and Methods; Table 2 ). The MAPs were not detectable immediately after anastomosis.
Stimulation of sectioned intercostal nerves, lumbar ventral roots, or cortical areas did not produce MAPs or MEPs in control rats. Nine months after anastomosis, stimulation of intercostal nerves induced MAPs in paralyzed hindlimb muscles of all experimental animals. Muscle action potentials disappeared after the resection of ventral roots, demonstrating specific conduction through the anastomosis. The MAP amplitude provides information about conduction velocity, which increases with myelination. Amplitude values were lower than reference values, although differences were not significant for the T-12/L-5 anastomosis (Table 2 ; p = 0.04, 0.02, and 0.2 for T-10/L-3, T-11/L-4, and T-12/L-5, respectively, recorded in quadriceps muscles; p = 0.2 for T10-12/L-5 recorded in triceps muscles; Student t-test). The MAP surface is proportional to axon number. Surface values were not significantly different from reference values (p = 0.08, 0.08, and 0.9 for T-10/L-3, T-11/L-4, and T-12/L-5, respectively, recorded in quadriceps muscles; p = 0.56 for T10-12/L-5 recorded in triceps muscles; Student t-test). Consistently, with anatomical observations, electrophysiological studies indicated that the number of regenerated fibers was roughly equivalent to that in intact roots. Nonetheless, regenerated fibers were more heterogeneous, with a majority of small-sized, imperfectly myelinated, and presumably slow-conducting fibers.
The MEPs were recorded in target muscles when electrical stimulation was applied to the cortex (Fig. 5) . As with MAPs, MEPs disappeared after transection of the ventral roots, demonstrating conduction through the anastomosis and connection of hindlimb muscles with cortical motor areas.
Horseradish Peroxidase Retrograde Transport
The HRP was injected into the quadriceps and triceps surae muscles 3 days before killing the animals with the aim of documenting the physical connection between paralyzed hindlimb muscles and thoracic motor neurons. In intact rats, this experiment led to retrograde transport of HRP to lumbar motor neuron bodies (1290 Ϯ 103 labeled neurons in laminae VII-IX throughout the L3-6 ventral horn). Considering a total number of motor neurons in this segment in the range of 4000 to 4500, HRP injection into muscles led to labeling of approximately 30% of motor neurons.
In experimental rats, injection of HRP into the quadriceps and triceps surae muscles led to labeling of motor neuron bodies at the thoracic level (T10-12) but not at the lumbar level (Fig. 6 ). This result demonstrated that muscles in the paralyzed hindlimb were innervated by thoracic motor neurons through the anastomosis. Stained cells were mostly located in layers VII-IX. The mean total number of labeled motor neurons was 109 Ϯ 32. Considering a total number of motor neurons in this segment in the range of 400 to 600 and a labeling efficiency of 30%, we estimated that approximately 300 thoracic motor neurons were con- nected to hindlimb muscles. If valid, this estimation indicates that at least 50% of the motor neurons involved in the reconstruction procedure regrew fibers capable of reaching hindlimb muscles. Searches for HRP-positive cells in the contralateral ventral horn and in dorsal root ganglia at the T10-12 level were negative (data not shown).
Discussion
Data from the present study demonstrate the reinnervation of deafferented hindlimb muscles by thoracic motor neurons in adult rats. Both spinal cord hemisection at the thoracolumbar boundary and a section of lumbar ventral roots were performed. Axonal regrowth toward hindlimb muscles was made possible through a surgical cross-anastomosis of the T-10, T-11, and T-12 intercostal nerves with the L-3, L-4, and L-5 ipsilateral ventral roots, respectively.
Effective reconstruction of motor pathways connecting cortical motor centers to hindlimb muscles was demonstrated 9 months after surgery in all experimental animals, but not in control ones. Evidence consists of the presence of myelinated fibers in reconnected roots downstream of the anastomosis, the recording of MAPs and MEPs, the detection of endplates in target muscles, and the retrograde transport of HRP injected into hindlimb muscles toward thoracic motor neurons. Conduction through the anastomosed nerves was demonstrated by the disappearance of MAPs and MEPs after transection.
We infer from a variety of observations that axonal regeneration was robust. Numbers of myelinated fibers were roughly equivalent in anastomosed roots and in intact lumbar ventral roots of normal rats. The recorded MAPs in target muscles in response to intercostal nerve stimulation were equivalent to values recorded in the same animals before surgery. The density of motor endplates was grossly comparable in reinnervated and contralateral hindlimb muscles. The HRP retrograde labeling from target muscles indicated that one half of thoracic motor neurons projected axons through the anastomosis and reached hindlimb muscles. Efficient reinnervation between upper intercostal nerves and the musculocutaneous nerve through anastomosis has previously been noted in humans. 18 On the other hand, regenerated fibers differed from fibers of intact nerves or ventral roots. They were heterogeneous in size, with smaller average diameters. Size heterogeneity is indicative of the immaturity of reinnervating fibers. 24 The smaller average size probably accounts for the lower MAP amplitudes. Endplate distribution in target muscles denoted functionally limited reinnervation. It is remarkable that, despite 10-to 12-fold fewer motor neurons being stained by retrograde transport from muscles in experimental rats compared with those in intact animals, myelinated fibers were equally abundant in anastomosed and intact lumbar ventral roots. This indicates that each motor neuron projected several myelinated fibers. Extensive axonal branching and polyneuronal innervation of muscle fibers is a characteristic feature of immature neuromuscular systems. 3 Taken together, these observations indicate that robust axonal regeneration in treated animals was associated with a maturation defect that persisted 9 months after surgery.
Movements reappeared in treated rats after 2 months, propagating from the proximal to the distal part of the paralyzed hindlimb. Thus, reinnervation was associated with a return of motor activity. Nonetheless, recovered movements consisted of shakes or vigorous extensions on struggling and were not intentional or used for locomotion. We presume that the maturation defect of regrown nerve fibers was related to the absence of a physiological function. Reduced neural activity or neuromuscular blockade induce extensive branching and axonal overgrowth, leading to persistent polyneuronal innervation in neonatal 23 and reinnervated 1 muscles. Excess branches are removed if neuromuscular activity is increased. 17 Apparent synchrony of hindlimb motor patterns with respiration indicates that movements remained dictated by the former afferent connections of thoracic motor neurons.
Similar observations were reported after intercostal neurotization in nonhuman primates 5 and in humans whose musculocutaneous nerve was anastomosed to upper intercostal nerves for treating brachial plexus injury. 9, 13, 14, 16, 19 Note that humans show a progressive switch from respiratory-driven to conscious volitional control on physiotherapy, which is likely associated with a reorganization of motor pathways at cortical and subcortical levels. 8, 9, 15 In the rat, return of functional locomotion patterns should be possible provided that reorganization of motor pathways can be stimulated. Intensive locomotion training is likely mandatory for that purpose. 6 Combined stimulation of anatomical reorganizations by local delivery of neurotrophic factors in the spinal cord 7, 25 may facilitate plasticity changes. The number of thoracic motor neurons that could be recruited for reconnection represent approximately 10% of the number of lumbar motor neurons projecting to the sciatic nerve in intact rats. Although likely insufficient for complete recovery, an equivalent contribution in humans might provide significant functional benefit to patients with severe permanent disability.
